Mevalonate-activating enzymes are shown to be present in the chloroplasts of French-bean leaves. The chloroplast membrane is impermeable to mevalonic acid. Mevalonate-activating enzymes also appear to be found outside the chloroplast. These results support the view that terpenoid biosynthesis in the plant cell is controlled by a combination of enzyme segregation and specific membrane permeability.
seedlings whereas [2-14C]MVA* is insignificantly incorporated under the same conditions. [2-14C]-MVA is, however, effectively incorporated into sterols and related products but not markedly into chloroplast terpenoids such as plastoquinone and tocopherolquinone . A similar situation exists in illuminated seedlings of a variety of plant species (Treharne, Mercer & Goodwin, 1964) . Further experiments by Griffiths, Threlfall & Goodwin (1964) showed that during chloroplast formation in maize seedlings [2-14C]-MVA was more effectively incorporated into ubiquinone than into plastoquinone, whereas the reverse was true when 14C02 was the substrate.
These results led to suggest that the regulation of terpenoid biosynthesis in developing seedlings was achieved by a combination of intracellular enzyme segregation and specific membrane permeability (see also . First, both chloroplastidic and extrachloroplastidic sites of synthesis are regarded as having a common biosynthetic 'backbone' by which acetate is converted, via MVA, MVA-5P, MVA-5PP, IPP, geranyl pyrophosphate, farnesyl pyrophosphate and geranylgeranyl pyrophosphate, through to C45 and C50 isoprenoid pyrophosphates (Scheme 1). It was proposed further that as well as this common biosynthetic pathway each 'compartment' has certain specific enzymes, the substrates of which can be members of the common biosynthetic pathway. Thus, for example, squalene * Abbreviations: MVA, mevalonic acid (3,5-dihydroxy-3-methylvaleric acid); MVA-5P, mevalonic acid 5-phosphate; MVA-5PP, mevalonic acid 5-pyrophosphate; IPP, isopentenyl pyrophosphate.
synthetase would be extrachloroplastidic whereas phytoene synthetase would be chloroplastidic. Secondly, the scheme required the chloroplast membrane to be impermeable to the specific intermediates of the biosynthetic pathway. Such a scheme explained the experimental observations made by these workers. Germinating seeds form MVA from food stores and this is used to produce sterols required for the formation of cellular organelles. The MVA cannot enter the undeveloped plastids to a significant extent and so chloroplast terpenoids are not synthesized until carbon dioxide fixation occurs on illumination of the seedling on its emergence from the soil. At this juncture MVA is rapidly produced inside the chloroplast from carbon dioxide and converted into the plastid terpenoids now needed; little or none leaks out to form extrachloroplastidic sterols, whose synthesis is, at this time, unnecessary.
On this view the chloroplast membrane should be essentially impermeable to mevalonic acid, the first specific terpenoid precursor, and mevalonate kinase (ATP-mevalonate 5-phosphotransferase) and phosphomevalonate kinase (ATP-5-phosphomevalonate phosphotransferase) should exist both inside and outside the chloroplast. The experimental demonstration of this situation forms the subject of the present paper. Part of this investigation has already been briefly reported (Rogers, Shah & Goodwin, 1957 Acetone-dried pouders. Acetone-dried powders (Loomis, 1959) were prepared in the cold room. Plant-cell cultures of meristematic tissue of Paul's Scarlet Rose (Williams & Goodwin, 1965) At the end of the incubation the reaction was stopped by immersion of the tubes in a boiling-water bath for 2min. After centrifuging to remove the precipitated protein, samples ofthe incubation mixture (usually approx. 0-02ml.) were transferred to Whatman no. 1 chromatography paper and chromatographed at room temperature in butan-l-olformic acid-water (77:10:13, by vol.), isobutyric acidaq. NH3 (sp.gr. 0-88)-water (22:1:10, by vol.) or 2-methylpropan-2-ol-formic acid-water (20:5:8, by vol.) (Ohnoki, MVA-5P, MVA-5PP and IPP in these systems have been gathered from several sources for convenience and are summarized in Table 1 . The labelled compounds in the assay medium at the end of incubation were identified from these values.
Radioa88ay. Radioactive spots were located on dried chromatograms by exposure to Kodak X-ray film for 3-5 days. For quantitative assessment, chromatograms were cut into strips 1-5 in. wide parallel to the length ofthe paper. The strips were joined and markers of [2-14C]MVA placed at marked positions between the solvent front on one strip and the origin of the succeeding strip. These aided subsequent alignment of chromatogram strip and recording chart. In a typical experiment the strips were then scanned with a C 100 Actigraph automatic chromatogram scanner (NuclearChicago Corp., Des Plaines, Ill., U.S.A.) at a speed of Iin./ min., with a slit width of * in., an integration time of 10sec. and a scale setting of 3000 counts/min. The relative radioactivity of each spot was estimated from the area of the peaks on the recording chart.
Finally, selected strips were cut into rectangles 1iin. x lin. and, after being lightly sprayed with N-NaOH, were counted in a Packard Tri-Carb scintillation counter (Packard Instrument Co., La Grange, Ill., U.S.A.) after immersion in scintillation fluid [5g. of 2,5-diphenyloxazole and 0-3g. of 1,4-bis.(4.methyl-5-phenyloxazol-2-yl)benzene/l. oftoluene] in glass vials.
RESULTS
Preliminary results indicated that bufferextracted acetone-dried powder of French-bean leaves on incubation with [2-14C]MVA at pH 6-5 or 7-4 for up to 3hr. produced one radioactive product, which from its chromatographic behaviour was identified as MVA-5PP. Conversion was greatest at pH 7-4. Acetone-dried powders of cell cultures of Paul's Scarlet Rose, green tissue of the variegated leaves ofPelargonium kewen8i8 and Hibiscu8 sp. and white pigmentless leaf tissue of Hibi8cus sp. gave a similar result. However, extracts of the acetonedried powder of the white portion of Pelargonium kewen8i8 leaves gave a radioactive product that was chromatographically identifiable as MVA-5P.
Intact chloroplasts prepared in a discontinuous sucrose density gradient (Leech, 1964) chloroplasts that were osmotically burst and then incubated with [2-14C]MVA, an unidentified product, RpO047 in butan-l-ol-formic acid-water, was observed.
Chloroplasts isolated in 'non-aqueous' media were also examined. As with 'aqueously' isolated chloroplasts intact chloroplasts were found to be inactive in converting [2-14C]MVA into its phosphorylated derivatives even after incubation for 13 24hr. However, ultrasonically treated chloroplasts were very active and on radioautography of the chromatogram developed with butan-l-ol-formic acid-water a radioactive spot very near the origin, corresponding to MVA-5PP, was clearly evident in a 3hr. incubation mixture together with a very slight spot at an Rp characteristic of MVA-5P (Fig. 1) .
When sections of this chromatogram were placed in vials containing scintillator fluid and counted in a scintillation counter the counts on areas of the chromatogram corresponding to the positions of radioactive spots were: MVA-5PP, 42 350 disintegrations/min.; MVA-5P, 4440 disintegrations/ min.; MVA, 187 000 disintegrations/min. Only very slight radioactivity was evident with intact chloroplasts even if the chromatogram was substantially overloaded with radioactive material. This radioactivity was so slight that peaks corresponding to MVA-5P and MVA-5PP could not be recorded when strips of the chromatogram were scanned for radioactivity by the method described above. Sirnilarly Bioch. 1966, 99 4 the MVA-5P peak is very difficult to detect in the reaction mixture from ultrasonically treated chloroplasts although the MVA-5PP peak is clearly revealed. In the absence of ATP from the incubation medium no conversion of [2-14C]MVA into products observable by the methods used occurred.
The approximate extent of conversion of MVA into MVA-5PP in the best 'non-aqueous' chloroplast preparations was 32 % (Fig. 2) . This represents about 64% of the theoretically possible conversion since only one isomer of DL-MVA is biologically active. The principal metabolite from incubation of [2-14C]MVA with ruptured chloroplasts appeared from chromatographic studies to be MVA-5PP. Similar experiments in which [1-14C]MVA was the substrate also produced the same metabolite, which was conclusively identified as MVA-5PP by its behaviour when subjected to conditions that might cause hydrolysis (Bloch, Chaykin, Phillips & de Waard, 1959; Williamson & Kekwick, 1965) . The reaction mixture after incubation of enzyme solution from ruptured chloroplasts with [1-14C]MVA in tris-hydrochloric acid buffer, pH7-4, was chromatographed in butan-1-ol-formic acid-water. The sample was applied as a band across the width of the chromatography paper, and after chromatography the area of paper containing the metabolite was removed and the metabolite eluted with water into a boiling tube. Elution was followed by scanning the strip for radioactivity at suitable intervals and was continued until no radioactivity remained on the paper. The resulting eluate was evaporated in vacuo over phosphorus pentoxide until the volume was reduced to approx. 1Oml. This was divided into three portions (0.25, 0-25 and 0.5ml.), which were treated with N-hydrochloric acid, Nsodium hydroxide and calf-intestinal alkaline phosphatase respectively. When the metabolite was heated in N-hydrochloric acid at 100' for 7min. it was converted almost completely into a product whose RF values in the solvent systems used were characteristic of MVA-5P, and were the same as those values obtained for the minor metabolite formed in some of our investigations (Fig. 3) . However, treatment of the metabolite with N-sodium hydroxide at 1000 for 7 min. produced no detectable change in the RF of the material on subsequent chromatography. Incubation of enzyme solution from ruptured chloroplasts with the product of acid hydrolysis in tris-hydrochloric acid buffer containing ATP and magnesium sulphate produced a product having the chromatographic characteristics of MVA-5PP (see Fig. 4 ). When a solution of the metabolite (0. (Bloch et al. 1959; Henning, Moslein & Lynen, 1959) . Loomis & Battaile (1963) have also commented on the production ofMVA-PP as well as MVA-5P by crude enzyme extracts of pumpkin cotyledons.
No IPP was convincingly detected in any of the experiments. Possibly an essential cofactor for the conversion of MVA-5PP into IPP has been leached from the chloroplasts or the equilibrium of the reaction in the systems studied in vitro is unfavourable for the formation of IPP. It is also possible that any small amount of IPP formed is rapidly converted into further products not detected by our methods; or, as is known to occur for some enzymes, the pyrophosphomevalonate decarboxylase is inactivated during isolation of chloroplasts in 'nonaqueous' media. As discussed by Leech (1964) , the interpretation of biochemical data obtained from isolated chloroplasts in terms of their intracellular function depends on a knowledge of the structural integrity of the preparations and especially on the absence of other cellular components. Chloroplasts prepared by conventional differential centrifugation techniques would have been valueless for the studies described above because of contamination by other cell organelles, by cytoplasm, and by enzymes leached out of broken organelles. Therefore density-gradient techniques were used. Chloroplasts prepared by the sucrose-density-gradient method have stroma and matrix intact and retain their bounding membranes (Leech, 1964) . The final purified chloroplast preparation consists of about 90.5% of intact chloroplasts, 5.0% of chloroplast fragments and 4.5% of mitochondria. Since the preparation is washed several times before examination no extrachloroplastidic mevalonate-activating enzymes nor any released from broken chloroplasts should be still present. This was confirmed by the total inactivity towards MVA of intact chloroplasts prepared by this method. It is worth noting that, although the commonly used method of James & Das (1957) , in which glycerol-sucrose density gradients are employed, gives a purer preparation in terms of contamination by other cellular components, it was unsuitable for the present studies because the chloroplasts so prepared are largely devoid of stroma and bounding membranes (Leech, 1964) .
The chloroplasts isolated in non-aqueous media have lost the outer (lipid) membrane of the chloroplast and some of the chloroplast pigments (Stocking, 1959) . However, the loss of soluble protein is far less than for chloroplasts prepared with aqueous media. The main difficulties associated with the method are the possible inactivation of some enzymes and the contamination through adsorption to the chloroplast of enzymes of cytoplasmic origin. However, even were the latter to occur the exposed enzymes would in all probability be inactivated through prolonged contact with organic solvents. Since the dry chloroplast pellet is suspended in buffer before incubation with [2-14C]MVA it is likely that some enzyme leached from structurally damaged chloroplasts would be present in preparations not treated with ultrasonics. This would explain the very slight activity shown by these preparations (Fig. 1) . Our results confirm the reported structural integrity of chloroplasts prepared by this method, and the experiments described above are now used as a routine in this Department in studies ofterpenoid biosynthesis as a test of the structural integrity of chloroplast preparations and their enzymic activity.
Our studies showed mevalonate kinase and phosphomevalonate kinase to be present in chloroplasts prepared by both the techniques used. The fact that intact chloroplasts from both methods were inactive in converting MVA into MVA-5P, but became active Vol.-99 387 on rupture, indicates that the chloroplast membrane is impermeable to MVA. The unknown product obtained from 'aqueously prepared' osmotically ruptured chloroplasts in addition to MVA-5PP is possibly a degradation product of IPP.
The presence of an extrachloroplastidic mevalonate kinase in addition to a chloroplastidic enzyme is difficult to demonstrate unequivocally. One cannot use cell homogenates from which chloroplasts have been spun off as the enzyme may be easily leached from broken or damaged chloroplasts. However, we have indicated the presence of extrachloroplastidic mevalonate-activating enzymes by demonstrating enzymic activity in acetone-dried powders of cultures of meristematic tissue of Paul's Scarlet Rose and in acetone-dried powders of the white pigmentless portions of variegated leaves of Pelargonium and Hibi8c1b. These tissues have no chloroplasts. Supporting evidence is the finding ofLoomis & Battaile (1963) that mevalonate kinase occurs in the cytoplasm of cotyledons of pumpkin seedlings grown in the dark.
An understanding of the role of mevalonateactivating enzymes in plant cell metabolism depends partly on a knowledge of the intracellular sites in which they occur. The work described demonstrates their presence both inside and outside the chloroplast, and shows that the chloroplast membrane is impermeable to MVA. The findings support the view that a combination of 'compartmentation' of enzymes and specific membrane permeability may be one of the primary ways by which the regulation ofterpenoid biosynthesis in the developing seedlings is achieved.
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